All classes of pterins, fully reduced tetrahydropterins, aromatic pterins and dihydropterins have been investigated upon their effects on radical mediated reactions. Meanwhile all these classes were shown to act as both, proand antioxidants by a number of different methods including chemical, biochemical and biological systems. From reduced pterins radicals including oxygen-, nitrogen-and pterin-radicals arc formed enzymatically and non-enzymatically, reduced pterins react with free radicals and serve as reductive agents. All classes of pterins may interfere with enzymes involved in radical formation. Upon the diversity of possibilities the net effect of a particular compound is a question of the experimental settings and the physiological relevant role often remains obscure.
Introduction
Despite the widespread natural occurrence of diverse derivatives of pterins, the biological role of only a few of these compounds is known and for this reason scientific interest is focussed primarily on tetrahydrobiopterin and folic acid. However, it is getting more and more evident that a number of pterine derivatives are concerned by different reactions involving free radicals. The compounds under investigation can be divided into three classes according to their oxidation state: i) fully reduced tetrahydropterins, ii) aromatic pterins and iii) partially reduced dihydropterins. The first simple view that reduced pterins act primarily as scavengers of free radicals and therefore are antioxidants, whereas aromatic pterins promote radical formation and therefore are prooxidants, is meanwhile outdated completely. It has been found that the involvement of pterins in radical mediated reactions is quite diverse: pterins regulate the enzymatic formation of free radicals, act as substrates, inhibitors and cofactors of radical producing enzymes, give rise to oxygen radical formation upon autoxidation, give pterin radical intermediates upon enzymatic and non-enzymatic oxidation and react with free radicals and other reactive species. For every class of pterins -concerning the oxidation state -a prooxidative as well as an antioxidative effect has been reported (conjugated pterins are not taken into account in this article). The effect found depends essentially on the experimental setting chosen, even in simple chemical systems and even more in biochemical and biological systems. Therefore the estimation of an in vivo effect of a particular pterin is difficult and has to be done with care.
The formation of reactive species during the autoxidation of tetrahydropterin was reported 1973 by Fischer and Kaufmann (1) and 1975 by Nishikimi (2) . The antioxidative behaviour of the same compound was reported in 1988 by Heales et al. (3) . Meanwhile the background of the investigations in this field ranges from basic scientific interest to possibilities of practical applications of radical scavengers and has been reviewed earlier (4) .
This article updates the results concerning the involvement of pterins in reactions of free radicals and other reactive species. Thereby different pterin classes are discussed according to their oxidation state.
Tetrahydropterins
As mentioned in the introduction, about thirty years ago autoxidation of tetrahydropterin and the simulta- Only recently, the formation of superoxide by reaction of tetrahydrobiopterin with molecular oxygen was confirmed and the reduced pterin was discussed as a physiologic prooxidant under conditions of its overproduction (5) or exogenous administration in cell culture (6) . Moreover, a trihydrobiopterin radical was proposed to occur as a reaction intermediate. While pterin radical formation during the reaction cycle of nitric oxide synthases (NOSs) has been discussed since years, meanwhile tetrahydrobiopterin radicals have been detected in a number of enzymes. In the case of NOS the formation of pterin radicals as reaction intermediates are discussed as essential for enzyme activity and besides the structural function of the pterin, the importance of the redox function for NOS activity has been established (7) (8) (9) (10) . In contrast, in amino acid hydroxylases tetrahydrobiopterin functions in a different manner and neither pterin radical formation nor superoxide release has been found in these enzymes (7,
II).
Beside superoxide radical formation by autoxida-' tion tetrahydrobiopterin is involved in enzymatic superoxide production by NOS as under non-saturattng conditions NOS is switched from NO-to superoxide-synthesis (12) (13) (14) . The ratio of tetrahydrobiopterin to at least partly oxidized derivatives is discussed as a regulator of superoxide and nitric oxide production by NOS (15, 16) . Very recently the formation of three different radical species by NOS under the control of tetrahydrobiopterin has been published (17) .
On the other hand, tetrahydrobiopterin reacts with preformed radical species and different mechanisms protecting from radical damage have been reported. The reaction rate of tetrahydrobiopterin with superoxide has been determined to be approximately IO" 5 M 1 s -1 (18) . This value was discussed to be too low for an antioxidant function in vivo. However, in dopaminergic neurons the protective effect of tetrahydrobiopterin against oxidative stress was attributed to its superoxide scavenging effect (19) . In contrast, Choi et al. reported a selective cytotoxicity of tetrahydrobiopterin on dopamine-producing cells (20) . Peroxynitrite was found to react with tetrahydrobiopterin even faster than with ascorbate. From the thereby formed trihydrobiopterin radical tetrahydrobiopterin could be regenerated by ascorbate (21, 22) . In addition, radicals like nitrogen dioxide, hydroxyl radicals, glutathione thiyl radicals and carbonate radicals were found to react more rapidly with tetrahydrobiopterin than with ascorbic acid (23) . Upon the reaction with these radicals the formation of the trihydrobiopterin radical was detected, too. Only the glutathione disulfide radical anion was found to generate the tetrahydrobiopterin radical anion.
An important question was raised by Kuhn and Geddes who reported that tetrahydrobiopterin prevents the nitration of tyrosine hydroxylase by peroxynitrite and nitrogen dioxide (24) : When tetrahydrobiopterin reacts with free radicals and a pterin radical is formed, what happens to the pterin radical? Indeed they found prevention of nitration of the enzyme by different tetrahydro-and dihydropterins but no prevention of the inhibition of enzyme activity was reported. The involvement of pterin radical intermediates in a different mechanism of enzyme modification compared to the absence of the pterin was discussed.
Aromatic Pterins
Most aromatic pterins like neopterin and biopterin do not directly interact with superoxide, peroxyl radicals (25), nitrogen dioxide (24) or diphenylpicrylhydarzyl radicals (26) or only at much higher concentrations as compared to their reduced counterparts (27) . However, a range of aromatic pterins show effects on reactions where free radicals are involved. Only recently the influence of neopterin on the generation of reactive species by myeloperoxidase was reported (28). The formation of singlet oxygen was found to be enhanced by neopterin, while the formation of other oxidizing species was decreased in the presence of neopterin. A possible inhibition of myeloperoxidase was discussed. In copper induced LDL oxidation a slight prooxidative effect of neopterin was found (29) .
Dihydropterins
Like both other classes of pterins already discussed dihydropterins play a controversai role concerning free radicals or other reactive species. Research interest was primarily focussed on dihydroneopterin as this compound is secreted by human and primate macrophages stimulated by interferon-γ and these cells produce reactive species in parallel. Gieseg et al. have demonstrated the antioxidative function of dihydroneopterin in a number of different experimental systems. Formation of protein hydroperoxides by peroxyl radicals was inhibited (30) in accordance with earlier reported scavenging of peroxyl radicals by dihydroneopterin (25). Loss of thiol groups in cells exposed to peroxyl radicals was also reduced by dihydroneopterin (31) . While there was an inhibition of the loss of cell viability of monocyte-like U937 cells mediated by ferrous ions as well as hypochlorite, the effect of dihydroneopterin on hydrogen peroxide induced loss of Pteridines/Vol. 15/No. 3 viability was only weak (32) . Dihydroneopterin concentrations in the low micromolar range were efficient in inhibition of THP-1 cell-mediated LDL oxidation (33) . We could recently confirm earlier reports of Gieseg et al. concerning the protective effect of dihydroneopterin on LDL (29) . However, a detailed study concerning LDL oxidation revealed that dihydroneopterin shows different effects depending on the redox status of the LDL under investigation. We found out that LDL acts indeed as an antioxidant when native LDL was oxidized. In contrast, copper mediated oxidation of minimally oxidized LDL was strongly enhanced in the presence of dihydroneopterin (Fig. 1). neopterin very efficiently. Concentrations in the lower micromolar range were sufficient to completely prevent nitration (34) . Together with the effect on cell mediated LDL-oxidation (33) these are the only data showing a radical scavenging effect of dihydroneopterin in the low micromolar range. These results are in agreement with the report of Kuhn and Geddes (24) who also found dihydropterins (dihydrobiopterin and sepiapterin) to be effective in the prevention of nitration by peroxynitrite. When we incubated dihydroneopterin in the presence of SIN-1 we could show for the first time that a pterin radical was formed from a dihydropterin (Fig. 2) , (34) . As the nature and the reactivity of this radical are unknown we cannot conclude whether the efficient scavenging of the nitrating species results in a net antioxidant effect in vivo. It has been shown clearly that although a compound scavenges a reactive species, damage to a target can be changed but is not necessarily prevented (24).
We discussed dihydroneopterin as an oxidative switch protecting native LDL from oxidation and further oxidizing minimally oxidized LDL to be recognized by the scavenger receptor (29) .
One of the major problems concerning the effect of dihydroneopterin on radical mediated reactions is that in most cases high concentrations of the pterin are necessary to find an effect and the biological relevant concentration of dihydroneopterin in the vicinity of a stimulated macrophage is not known. However, investigating the interference of dihydroneopterin with peroxynitrite mediated reactions we found that the nitration of tyrosine by peroxynitrite is inhibited by dihydro-
Concluding remarks
Despite the accumulation of data concerning the involvement of pterins in radical mediated reactions the picture of their physiologic role remains puzzling in most cases. There is no clear and unequivocal relationship of different pterin classes with radical scavenger or prooxidant effects in different oxidation states; rather, the actual circumstances are decisive for the effects observed. This gives rise to controversial or unexpected effects of pterins on radical mediated reactions.
